[1] We investigated the size, distribution, and temporal dynamics of ecosystem carbon (C) pools in an area of recent treeline advance, northwest Alaska. Repeat aerial photographs show forest cover increased ~10% in our study area since 1949. We sampled C pools of four principal ecosystem types, tussock tundra, shrub tundra, woodland and forest, all located on a 600-800 year old river terrace. Significant differences between ecosystem C pools, both above and below-ground existed. Tundra sites store >22.2 kg C/m 2 , shrub tundra sites and woodland sites 9.7 kg C/m 2 and 14.3 kg C/m 2 respectively, and forest sites 14.4 kg C/m 2 . Landscape variation of total ecosystem C was primarily due to organic soil C, and secondarily to C stored in trees. Soil C/N profiles of shrub tundra sites and woodland sites showed similarities with forest site soils at surface and tundra site soils at depth. We hypothesize that tundra systems transformed to forest systems in this area under a progression of permafrost degradation and enhanced drainage. Based on C-pool estimates for the different ecosystem types, conversion of tundra sites to forest may have resulted in a net loss of >7.8 kg C/m 2 , since above-ground C gains were more than offset by below-ground C losses to decomposition in the tundra sites. Treeline advance therefore might not increase C-storage in high-latitude ecosystems, and thus might not, as previously suggested, act as a negative feedback to warming. Key to this hypothesis and to its projection to future climate response is the fate of soil carbon upon warming and permafrost drainage.
Abstract:
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Introduction:
[2] Carbon (C) dynamics in the arctic and subarctic are of high importance for the global C cycle, because high latitude ecosystems store large amounts of C in soils and vegetation and are experiencing some of the fastest rates of warming on the globe (Serreze et al., 2000; ACIA, 2005) . Warmer temperatures are expected to increase productivity of northern vegetation, thus increasing C sequestration, but at the same time enhance decomposition, thus increase the release of C to the atmosphere. Expansion of boreal forest into tundra areas might change the radiation balance (Lafleur et al., 1993 , Chapin et al., 2005 and increase C storage aboveground through increase in woody biomass, and below-ground through decrease in litter quality (Stelzer, 2004) and greater litter production (Callesen et al., 2003) .
[3] Most C at high latitudes is stored in soils, where decomposition is slowed by cold temperatures and often anoxic conditions due to waterlogging, influenced by active layer depth. Increasing active layer depth due to permafrost degradation (Osterkamp and Romanovsky, 1999) initially leads to enhanced CO 2 emissions in some tundra ecosystems (Oechel et al., 1993) , but over the long term is modeled to increase C accumulation in tundra ecosystems (Waelbroeck et al., 1997; Le Dizes et al., 2003) . Conceptually, warmer soils lead to increased decomposition, which in turn enhances nutrient availability stimulating productivity, therefore increasing ecosystem C storage (Hobbie et al., 2002) .
On the other hand, long-term fertilization experiments recorded a net loss of C from tundra ecosystems due to respiration of old organic matter in deeper soils (Mack et al., 2004) . It is thus unclear, whether C storage in soils at high latitudes increases or decreases under future warmer conditions.
[4] The goal of this study was to examine the changes in ecosystem C storage associated with treeline advance into tundra. Using repeat aerial photography, we Page 4 of 30 delineated an area in northwestern Alaska where trees have advanced recently. We sampled soil and vegetation C pools in the four typical ecosystem types present (tussock tundra, shrub tundra, woodland and forest). These ecosystem types occur in close proximity to each other along a 400 m transect and might not only represent a conceptual transition of tundra to forest under warming climate, but this transition might currently be underway at our sites. To assess the recent temporal and spatial dynamics of ecosystem C pools we used a) C isotopes in soils, b) tree ring width measurements, and c) the repeat aerial photography to estimate landscape-scale changes in ecosystem distribution.
Methods:
2.1. Description of study area:
[5] Our study area (68º06'N, 161º40'W) was located along the Kugururok River, a northern tributary of the Noatak River in north-western Alaska. Massive gravel deposits overlain by silt and sand form river terraces of varying age. These old floodplain surfaces are at least partially underlain by permafrost and occupied by a mosaic of tussock tundra, shrub tundra and patches of white spruce forests (Fig. 1) . Trees in this region represent the northwestern limit of boreal forest ecosystems in the transition from the Arctic Foothills Ecoregion to the Brooks Range Ecoregion (Gallant et al., 1995) . We located all our study sites on the highest (and presumably oldest) river terrace 6-8 m above the main channel to ensure similar surface ages for all study sites.
Repeat aerial photography:
[6] In the years 1949 and 1950 low altitude aerial photographs were obtained during oil exploration of the U.S. Naval Petroleum Reserve in northern Alaska. The resulting black and white pictures are of exceptional quality, since a large format camera (23 by 46 cm) was used to produce contact prints (Sturm et al., 2001) . One of the flight lines followed the Kugururok River and in the year 2004 we re-photographed one of the scenes (COL OV-131-049) taken in 1949 to assess vegetation change, especially tree recruitment and spread over the last 54 years. Figure 1 shows the location of the study sites situated on the highest river terrace of the Kugururok River in Northwestern Alaska, (A [7] The two oblique aerial photographs from 1949 and 2004 were analyzed using ENVI (ENvironment for Visualizing Images) software. The two images of the same landscape were warped slightly and registered to each other. A 0.7 km 2 area of the old elevated river terrace containing the sample sites was subset from the larger image. The pixels in the two images were grouped into 10 classes using an unsupervised isodata classification. These classes were then combined and reduced to 3 classes, representing forest, tundra, and water. For the purposes of image classification, forest was defined as dark pixels (resolvable trees), tundra was defined as light pixels (shrubs or tundra), and water was defined as yet another shade of pixels (lakes or rivers). Percentages of pixels of forest, tundra, and water were calculated for the old photo and the new photo.
Field methods:
[8] We sampled the four dominant ecosystem types in the area based on the repeat assumed the mineral soil carbon content under tussock tundra to be similar to the other ecosystem types (there was no significant difference in C content of mineral horizons between shrub tundra, woodland and forest). Even including this additional assumed mineral soil C content, the tussock tundra soils were still undersampled due to frozen organic soil layers below our sample cores. All results concerning these samples have thus been indicated throughout the text with a "greater than" sign (>).
[9] In both forest and both woodland sites, where trees were present, we recorded position of every tree (>1.4 m height) in half the plot (10 x 20 m), as well as diameter at breast height (dbh), height of tree, competition factor (dominant, co-dominant, intermediate), and general morphological factors. We then collected penetrating cores from each tree (as low as possible on the stem, 15-30 cm).
Laboratory methods:
2.4.1. Vegetation C:
[10] All biomass harvests were homogenized in the field and, if necessary subsampled for easier transport, then oven-dried in the lab at 65 ºC for at least 48 hours and weighed. Tree biomass was calculated for each tree using 386 * dbh 2 * 0.001 (Yarie and Thompson, per. comm.) where dbh is diameter at breast height (1.37 m). Conversion from oven-dry biomass and tree biomass to C content was done using a factor of 0.5. All biomass values were then calculated for one m 2 : Moss samples were scaled up from 12x19 cm and tree biomass was scaled down from the 10x20 m plots. The allometric relationship for tree biomass was developed for more productive stands in Interior Alaska (Thompson et al., 2004) and thus probably overestimates biomass in treeline trees.
Statistical tests:
[11] Sample numbers were small (n = 3 to 6 for most ecosystem properties), and data sets for several properties were not always normally distributed (Kolmogorov-Smirnov test) or sample populations were too small to be certain of normality. To compare mean values among ecosystem types, we thus used both analysis of variance (ANOVA) which assumes normal distribution and non-parameteric tests (Kruskal-Wallis ANOVA and Median Test), which do not assume normality. Post-hock pairwise comparions were performed using an unequal N HSD test. All statistics were run using STATISTICA software (6.1, Tulsa, OK, U.S.A.).
Soil C and N:
[12] We began air drying soil samples immediately after collection. Samples were oven-dried at 65 °C for at least 48 hours upon return to the lab (5 days after sampling).
Samples were passed through a 2 mm sieve and weight corrected for roots and stones.
After weighing, samples were ground in a ball mill and, if necessary, a grinder. A Carlo Erba NA1500 elemental analyzer (EA) was used to determine total C and total N using methods and standards described in Manies et al. (2003) .
Soil 13C and 14C:
[13] A subset , generally one profile from each ecosystem type, of the ground, untreated samples was prepared and analyzed for δ 13 C using a Isoprine Infrared Mass Spectrometer and for 14C using an accelerator mass spectrometer. Radiocarbon samples were processed at USGS by vacuum sealing a homogenized sample containing ~1 mg C with cupric oxide and elemental silver in a quartz tube. The sample was then combusted at 850°C and the resulting CO 2 was purified cryogenically and reduced to graphite using a method modified from Vogel (1992) in which the sample carbon is precipitated on iron in the presence of hydrogen at 575°C. The graphite was pressed into a target that was measured directly for 14C at Lawrence Livermore National Laboratory, Center for Accelerator Mass Spectrometry. We express 14C data in the Fraction Modern (FM) notation, which is a ratio of the measured sample activity to that of an oxalic acid standard, corrected for decay to the year 1950. Fraction modern values in this study range from 0.92 to 1.2. Briefly, aboveground testing of thermonuclear weapons began in 1954
and peaked in 1963; as a result of atmospheric circulation, atmospheric CO 2 was enriched globally for decades and continues to decline today. As plants photosynthesized, they were labeled with the enriched 14C; radiocarbon content of soils then reflects the integrative affects of the labeled plants, losses from decomposition, and radiogenic decay of 14C (Trumbore, 1996) . Therefore samples with FM 14C > 1.0 indicate fast-cycling pools of carbon that are labeled by "bomb" carbon. Samples with FM 14C < 1.0 indicate older carbon pools that have undergone normal radiogenic decay. In such samples, a radiocarbon age was calculated and is presented as years before present (yr BP) using the Libby half life of 5568 years (Stuiver and Polach, 1977) . The radiocarbon ages were corrected for atmospheric fluctuation during the time period of sample growth using the internationally accepted Intcal04 data set (Reimer, 2004) 
Tree cores:
[14] We exclusively collected penetrating cores, so that two radial measurements were available for each year. Ring width was measured (Velmex sliding stage, resolution:
0.001 mm) and both annual ring width measurements were averaged. Tree ring series were visually cross-dated based on prominent marker ring series. Accuracy of dating was checked using COFECHA (Grissino-Mayer et al., 1992) runs for each site. Dating errors were limited to one or two years and corrected for subsequent analysis. Individual tree ring series were detrended using ARSTAN (particularly to remove the age effect, Cook and Kairiukstis, 1990) using the first detrending option (negative exponential or straight line fit). Correlations of detrended values with climate were compared to correlations of raw ring width with climate. There were no major anomalies between the two forms of the data, confirming that the effect of detrending was modest. Standardization of tree ring series (detrending and normalization) can introduce bias in series with very small values (<0.5 mm), by which low values at the end of a series (most recent years) are artificially inflated using the division technique (Cook and Peters, 1997 3. Results:
C-pools of different ecosystem types:
[15] Ecosystem C pools (above plus below-ground) ranged from > 22.2 kg C/m 2 (18.8 kg C/m 2 measured + 3.37 kg C/m 2 assumed mineral soil content) for tussock tundra sites, 9.7 kg C/m 2 for shrub tundra sites, 14.3 kg C/m 2 for woodland sites, to 14.4 kg C/m 2 for forest sites (Table 1) . C pools in vegetation and soil differed significantly between tussock tundra and forest sites, with shrub tundra and woodland sites grouping with tussock tundra or forest depending on the parameter (Tables 1 and 2 ). Total vegetation carbon was significantly different between tussock tundra, shrub tundra and woodland, and forest sites. There was no significant difference between sites of like ecosystem types with one exception: The C pool of the shrub biomass between the woodland site replicates differed significantly (F = 2.8, p = 0.0059). Between ecosystem types however, shrub biomass did not differ significantly (Table 1) .
[16] Below-ground C (sum of moss, organic soil layer and C in uppermost mineral soil) was highest in tussock tundra sites (>21.9 kg C/m 2 ), lowest in shrub tundra sites 9.4 kg C/m 2 , and intermediate in woodland sites (13.5 kg C/m 2 ) and forest sites (11.3 kg C/m 2 ) (Fig. 2) . Most of the soil C resided in the organic mat ( Fig. 2) and was variable among vegetation classes. The amount of C stored in the top 5 cm of the mineral soil did not vary significantly between shrub tundra, woodland and forest sites (F = 1.59, p = 0.244). We thus assumed mineral soil content of tussock tundra to be similar and have added the averaged value from the other ecosystem types (3.37 kg C/m 2 ) to the tussock tundra measurements for comparisons across ecosystem types. The relative contribution of moss to ecosystem C-storage was low (3-5%), making the organic soil horizons the most important drivers for local below-ground C storage. Mineral soil pH increased from 4.3 in shrub tundra sites to 4.7 in woodland sites to 5.8 in forest sites.
[17] Above-ground C-pools (sum of understory, shrub and tree C) tended to increase from tundra to forest sites in the opposite direction from the decrease in below-ground C pools. Tussock and shrub tundra sites stored 0.32 kg C/m 2 and 0.27 kg C/m 2 aboveground respectively, woodland sites stored 0.80 kg C/m 2 and forest sites had the highest above-ground C-pools (3.00 kg C/m 2 ). Note however that due to the use of an allometric relationship developed for Interior Alaskan trees, our estimate of above-ground tree biomass is probably optimistic, since treeline trees usually have less crown biomass for a given dbh than trees on more productive sites. In tussock tundra sites, ≤ 1.4% of ecosystem C was stored above-ground, in shrub tundra sites 2.8%, in woodland sites 5.9% and in forest sites 26.9%. Tree biomass was by far the most important contributor to above-ground C storage in our sites when present, accounting for 34% and 98% of above-ground C-pools in woodland and forest sites respectively (Fig. 3) . White spruce seedlings occurred in significant numbers only in woodland sites.
C/N profiles and the organic mat
[18] C/N ratios, which reflect both quality of litter input and stage of decomposition, declined more rapidly with depth in the forest site soils than tussock tundra site soils (Fig.   4) . C/N ratios of soil under shrub tundra sites were highly variable but were generally low Page 12 of 30 at the surface (similar to forest sites) and higher at depth (similar to tundra sites, Fig. 5 ).
One sample (black diamond in square, Fig. 5 ), showed no reduction in C/N ratio from 1 cm depth (resembling forest C/N curve) to 12.5cm depth (resembling tundra C/N curve).
Under woodland sites, most C/N profiles were very similar to the forest site curve with the exception of one sample (circled triangles in Fig. 5 ), which showed woody vegetation at the surface, but soils at depth which resembled the tundra C/N curve. We used both of these samples for C13/14 analysis.
[19] The thickness of the organic mat along the transect decreased from ≥21 cm (n = 3) under tussock tundra sites to 9 cm (n = 6) under forest sites. There was a good overall relationship between thickness of the organic mat and its C content (r 2 = 0.84).
Isotopes of carbon and timing of environmental change
[20] The oldest average C age in the soil is between 590 and 680 radiocarbon years old (Table 3) or about calendar year 1276. These ages represent a minimum age for the top of the river terrace owing to their superposition over the gravelly terrace material and owing root and litter inputs that postdate river outwash. Radiocarbon enrichment from above-ground weapons testing occured in all profiles, generally in the top few samples of each profile. In both the forest and tundra site profiles, FM 14C enrichment reached a peak at 2.5-7.5 and 8-20.5 cm depths, respectively. As carbon accumulates upward in the organic profile, it generally mimics the enrichment and depletion seen in the atmosphere since 1954 (e.g. Trumbore and Harden, 1997) . While most profiles had basal ages that pre-date weapons testing, the shrub tundra site profile was enriched with post-bomb radiocarbon at all depths. The deepest woodland site sample was pre-bomb, with an age comparable to the deep tundra site samples.
[21] The δ 13 C data showed isotopic enrichment with depth in most profiles, particularly in shrub tundra and woodland site soils (Table 3) . C/N ratios also declined with depth, especially in forest and tundra site soils, with the forest site C/N values being lower for a given depth than tundra site samples (Figure 4 ). Lower C/N values and isotopic enrichment, which are consistent with a higher degree of decomposition, tended to occur in deep samples and in the forest relative to tundra site samples. This trend may be due, however, to differences in source material (e.g. moss samples of Schuur et al., 2002; Manies et al., 2003) . The shrub tundra and woodland site soils were more heterogeneous than tundra and forest site soils with respect to depth, isotopic enrichment, and C/N ratios. The deepest shrub and woodland site samples were isotopically enriched and had low C/N ratios relative to shallow samples. However, relative to their C/N values, four of the six shrub tundra and woodland site samples were isotopically depleted in δ 13 C, likely a result of depleted plant substrate. For example, shrub and woodland site samples with C/N ratios of 20 had δ 13 C values of -27 (tundra and forest site samples of comparable C/N values were -24 to -25).
Dendro-ecological analysis: C-input into tree biomass
[22] At our study sites, tree ages pointed to three major periods of tree establishment: (Fig. 6 ). However, we did not find evidence of new recruitment (i.e. trees <50 years old) in the forest sites. We Page 14 of 30 also found no white spruce seedlings in the tussock tundra sites. Stem density today varied in the woodland sites between 300-550 stems/ha and in the forest sites between 1200-1400 stems/ha (Table 4) .
[23] The vast majority ( Alaska (Barber et al., 2004) , up to 79% (r 2 = 0.79) of the 5 year smoothed variation in growth of these trees could be explained by this temperature index, which can be interpreted as a temperature representation of the winter prior to ring formation (Fig. 7) .
[24] Over the life history of the trees, a noticeable change in average ring width was observed for the period following the 1950s and 60s, where average ring width increased nearly 4-fold in the woodland site trees and 2.5-fold in the forest site trees in the period between 1950 and 2000. As a result, the average annual production of above-ground woody biomass in forest site trees, expressed as sequestration of C as tree biomass, accelerated markedly after 1950-60 (Fig. 8) . About the same time, woodland site tree biomass became an important factor in C calculations by a) increase in growth performance of existing trees and b) establishment and growth of new trees within the woodland sites (infilling, Fig. 6 ).
Forest expansion between 1950 and 2004:
[25] Using repeat photography we attempted to calculate the change in spatial extent of ecosystems around our study sites (0.7 km 2 ) from 1949 to 2004. Unfortunately, due to obliqueness and resolution of the photos, we were unable to develop an algorithm that could successfully detect differences between tussock tundra, shrub tundra and woodlands in the aerial photographs. Therefore we only calculated the area of forest increased from 5 to 8 % (Table 5) . From old to new photographs, the increase in percentage forest cover was a direct result of more dark pixels (trees) in the new photograph. This was verified by overlaying the registered images and confirming that new dark pixels were indeed the result of new trees.
Discussion:

The ecosystem gradient:
[26] The spatial landscape gradient from tundra through shrub tundra and woodland to forest may be indicative of the temporal transition from tundra to forest. Invasion of shrubs into tussock tundra areas is widespread in northern Alaska (Sturm et al., 2001 ).
Treeline expansion is documented for northwestern Alaska (Suarez et al., 1999; Lloyd and Fastie, 2002) , and is often associated with permafrost degradation and soil drainage (Lloyd et al., 2003) . At our sites, climate warming also may have led to permafrost degradation, subsequent drainage, and forest expansion. One line of evidence for such a transition is that some basal organic layers in the woodland soils are chemically (C/N ratios) similar to deep tundra soils, yet surface layers are chemically (C/N) different from tundra and more similar to surface layers of shrub tundra and forest soils (Figs. 4 and 5) .
[27] The timing of permafrost degradation, drainage, and forest expansion, however, is unclear. The growth spurt in the tree-ring record in the forest and woodland sites started around the 1960s and is consistent with favorable response to warming and/or drainage.
The colonization of trees in the woodland site occurred around that time as well. In
Interior Alaska, the time period beginning in the early 1970s was the warmest and driest of the last century (Barber et al., 2004) . These conditions can be consistent with tree growth increases, possible permafrost degradation, and changes in soil drainage. This recent climate change, however, likely was not solely responsible for the transition to forest from its past tundra-like state; rather it likely represents the type and direction of ecosystem change that has occurred for the last 6-8 centuries since the stabilization of the floodplain terrace. We think that recent warm and dry conditions accelerated the transition from tundra to forest, and for this study region likely also enhanced drainage at each of the four sites.
[28] The net effect of warming, drainage, and forest expansion on the carbon budget depends largely on decomposition, which has the potential to either offset or enhance the C uptake gained from tree invasion. Colonization of former tundra areas with shrubs and trees during the last 54 years is consistent with a shift toward improved soil drainage (Lloyd et al., 2003) , which in turn is generally consistent with faster turnover of soil organic matter in general (Trumbore and Harden, 1997) and for our sites in particular.
For example, the amount of soil organic carbon that is significantly enriched by postbomb radiocarbon is about 1000 g C/m 2 in the tundra and only 370 g C/m 2 in the forest.
Also, δ 13 C values of soil organic matter are much more enriched and C/N ratios much lower in forest than tundra samples, suggesting that decomposition may be more advanced in sub-surface layers of the forest soils. Over the long-term, if warming, drainage, and forest expansion onto tundra leads ultimately to a new soil state as seen in the modern forest, then enhanced and accelerated decompositional loss of soil C could potentially offset the aboveground accumulation in trees. Whether soil C beneath tundra will be available for decomposition under warmer, better drained conditions, however, is the key question.
[29] Recent changes in decomposition are difficult to detect despite the clear evidence for enhanced warming and tree growth since about 1950, but there are some lines of evidence for enhanced C storage during the last 40 years in the shrub and woodland soils: there appears to be more bomb-labeled carbon in shrub tundra (1340 g C/m 2 ) and woodlands (1750 g C/m 2 ) as compared to 1040 g C/m 2 and 370 g C/m 2 in tundra and forest systems, respectively. This approach, however, is compromised by thick sampling intervals that may have missed the peak in FM 14C activity. Bomb-labeled carbon is a complex mix of old and young pools that turn over at slow to fast rates (Trumbore, 1997) and therefore the net effect is difficult to evaluate. Moreover, enhanced decomposition from layers beneath the bomb-labeled carbon could be decomposing rapidly in light of a thicker active layer.
Implications:
[30] Over the long term, it is likely that any shift from tundra to forest will be accompanied by a loss of C from the soil and concomitant C gain to aboveground biomass (Fig. 9) ; net effects to the C budget could be close to zero or negative if deep soil C becomes bioavailable or could be toward a net uptake of C if deep soil C is recalcitrant (Carrasco et al., in prep) . Nitrogen cycling likely plays a key role in the fate of soil carbon (Mack et al., 2004) and, if bioavailable, the difference in C stocks between tundra and forest, at our sites >7.8 kg C/m 2 , could eventually even result in a large efflux of soil C to the atmosphere. Enhanced drainage coupled with warming makes this a plausible possibility. Moreover, the thickness of the organic mat decreases from ≥21 to 11 cm along the gradient from tussock to shrub tundra, therefore loss of carbon and thinning of the organic mat would likely enhance warming of the deep soil (Yoshikawa et al., 2003) with subsequent enhanced mineralization and C efflux. A further conversion of shrub tundra to woodland through tree establishment will also be associated with a net gain to tree stems (at our sites about 4.59 kg C/m 2 ). Finally, forest expansion into woodland areas (infilling) could further increase above-ground C storage by about 2.24 kg C/m 2 . As losses of soil C could potentially offset most of these gains, infilling of woodland and conversion to forest could lead to a net C sequestration of only 0.06 kg C/m 2 . Calculated for the 10% forest expansion based on the repeat photography, we estimate a gain of 6 metric tons C/km 2 during the last 54 years in our study area. This gain in C sequestration during this last, most visible, phase of transition from tundra to forest seems rather small compared to the potential loss of >7770 metric tons of C/km 2 that may have occurred during the earlier transitions from tussock tundra to shrub tundra and woodland.
[31] On a regional level, expansion of forests into tundra will lead to significant heating of the lower atmosphere through a reduction of albedo, especially in winter (e.g. et al., 2000) . Rising temperatures might not only accelerate the transition from tundra to forest, but also lead to change in growth rate and performance of trees (Barber et al., 2000; Wilmking et al., 2004) . If temperature rises without a concurrent increase in moisture availability, the rate of above-ground carbon sequestration in treeline forests will likely be limited by drought stress (Wilmking and Juday, 2005) . Enhanced decomposition due to higher soil temperatures might lead to a further increase in productivity of vegetation and subsequent increase in above-ground C storage (Hobbie et al., 2002) , as well as to the respiration of old organic matter through increase in nutrient availability (Mack et al., 2004) . The fate of belowground carbon and therefore the net effects of warming on the regional carbon budget, however, is less well known.
Chapin
[32] Dynamics of northern treeline in northwestern Alaska differ somewhat from the central and eastern Brooks Range, partly because a) Treeline forests in northwestern Alaska are mostly gallery forests on floodplains and not in mountainous terrain, and b) precipitation values are higher than further east (Simpson et al., 2002) . As a result, growth performance of treeline white spruce in northwestern Alaska has increased under warming climate, whereas other treeline areas in Alaska experience widespread growth declines due to drought stress (Wilmking et al., 2004; Wilmking and Juday, 2005) . Shrub biomass did not differ significantly between ecosystem types, so that above-ground C accumulation during the transition from tundra to forest seems to be mainly influenced by increases in tree biomass, which offsets some of the below-ground C losses in the soil.
Ecosystem C storage is thus likely to be substantially influenced by the response of tree growth to climate and the potential for regional C-loss is thus even higher in areas with widespread growth declines due to warming, e.g. treeline areas further east in Alaska.
Northwestern Alaska, however, is a suitable place to study the effects of treeline advance into Arctic tundra because treeline there has advanced recently and it is topographically similar to the North Slope of Alaska. values are corrected to a delta δ 13 C value of -25‰.
Calibrated ages are 2 sigma ranges determined using the Oxcal 3.1 program (Bronk Ramsey, 2001 ) in conjunction with the Intcal04 calibration dataset (Reimer, et al, 2004 Position of arrows is the same in both photos. Our study sites were all located on the highest river terrace, one tussock tundra site (T), two shrub tundra sites (SH), two woodland sites (WL) and two forest sites (F). Tree biomass is by far the most important contributor to the amount of C stored aboveground in each ecosystem type, reaching 34% in woodlands and 98% in forests. For values see Table 1 . Seedlings (SL) only occur in significant numbers in the woodlands.
Error bars represent standard deviation. The growth pattern evident in the tree ring widths dictates the average annual increase in above ground woody biomass of forest (F) and woodland (WL) trees (expressed as kg C/m 2 on the y-axis). The generally smaller values of C/area in the woodland ecosystem are due to the lower stem density (Table 3 ). This figure presents a) our spatial transect we used for sampling, and b) a conceptual transect from tussock tundra to forest. The major driver for C-pools is the transition from tussock to shrub tundra with a decrease in permafrost depth, increased drainage and subsequent respiration of large portions of the organic matter. Shrub increases under warming climate are followed by tree establishment and conversion first to woodland and then to forest. C losses in the soils are partly compensated by C gains in the vegetation, especially in stems of trees. However, a conversion from tussock tundra to forest in this area could lead to a net loss of C of about 7.8 kg C/m 2 or more.
